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21cm Cosmology 

derived from Mao et al. 08; 	
Tegmark & Zaldarriaga 09

EoR: Epoch of Reionization

LSS: Large-Scale StructureSDSS III

Dark Ages

CMB

21cm

• potential to map out all accessible modes to z~150



•“Intensity Mapping” (Chang, Pen+ 
2008, Wyithe & Loeb 2008):	
!

• Measure the collective emission 
from a large region, more massive and 
luminous, without spatially resolving 
down to galaxy scales.	

• Retain high frequency resolution 
thus redshift information	

• Brightness temperature 
fluctuations on the sky:  just like 
CMB temperature field, but in 3D   	

• Low-angular resolution redshift 
surveys:  LSS sciences, economical 	

• Confusion-limited.  Foreground-
limited.

21cm Intensity Mapping

courtesy of Phil Krongut (Caltech)



Current 21cm Intensity Mapping Efforts

(a) Input box (b) Recovered box

Fig. 34. A simulation of foreground removal for the SKA, when telescope noise is low
and 21 cm tomography might be possible. The main features of the box, especially
the largest ionized bubbles (shown in black), are robustly recovered. This simulation
utilizes a fifth-order Chebyshev polynomial basis for foreground removal, as well as
the additional step described in the text of zeroing the large bubbles to calibrate
the foregrounds. The box is ∼ 400 comoving Mpc across at z ∼ 9 and contains 1283

pixels. From [411].

ground lines, terrestrial interference, and ionospheric distortion.

9.4.1 Radio Recombination Lines

Unlike free-free and synchrotron emission, foreground radio recombination
lines (RRLs) can introduce significant structure in frequency space. These
lines, which are generated by recombination cascades through high-n elec-
tronic levels in HII regions, could therefore be serious contaminants. Little is
known about the RRL background at the low radio frequencies accessed by
redshifted 21 cm instruments; indeed, these experiments could turn out to be a
major source of new information about both galactic and extragalactic RRLs.
Here we briefly summarize our existing knowledge of the RRL background (for
a comprehensive review, see [419]; see also the discussions in [272, 274, 420]).

The most likely source of contamination is our Galaxy. The frequency of a
hydrogen RRL between levels n and n −∆n is

ν ≈ 153∆n
(

n

350

)−3

MHz. (163)

Observationally, the lines tend to occur every 1–2 MHz over the frequency
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• 6<z<10, Epoch of Reionization 
(EoR), HI shows tomographic history 
of reionization, ~20-50 Mpc scale => 
astrophysics	

!
• LOFAR, PAPER, MWA, GMRT-EoR, 
HERA, SKA1-LOW

 Intensity mapping:  low-resolution, not resolving individual sources, CMB-like, in 3D

• 0.5<z<2.5, HI traces underlying 
matter distribution, can be used to 
measure Baryon Acoustic Oscillations 
(BAO), 109 h-1 Mpc scale => dark 
energy 	

•CHIME, Tianlai, HIRAX, GBT-HIM, 
SKA1-MID	

Tracing large-scale structure

The cosmic web at z~0.5, as traced by

luminous red galaxies

SDSS BOSS

A slice 500h-1 Mpc across and 10 h-1 Mpc thick



Observing 21cm Large-Scale Structure 

(a) Input box (b) Recovered box

Fig. 34. A simulation of foreground removal for the SKA, when telescope noise is low
and 21 cm tomography might be possible. The main features of the box, especially
the largest ionized bubbles (shown in black), are robustly recovered. This simulation
utilizes a fifth-order Chebyshev polynomial basis for foreground removal, as well as
the additional step described in the text of zeroing the large bubbles to calibrate
the foregrounds. The box is ∼ 400 comoving Mpc across at z ∼ 9 and contains 1283

pixels. From [411].
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Tracing large-scale structure

The cosmic web at z~0.5, as traced by

luminous red galaxies

SDSS BOSS

A slice 500h-1 Mpc across and 10 h-1 Mpc thick

z1 10

BAO EoR

z ~1 ~10

Science goal Large-scale structure; BAO,RSD Cosmic Reionization

Signal (mK) 0.1 10

Tsys (K) 30 300

Foreground spatial 
fluctuation (K)

0.1 10

Size scale ~10’ - 1.4 deg;  109 h
(non-linear scale - first peak)

~10’-30’;  20-50 Mpc
 (bubble scale)

First proposed ~2007 1970’s?
Strategy single dish;  Interferometers Interferometers

cross-correlations possible 
now!
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Figure 1: On the left schematic of the proposed design of the BINGO telescope. There will be an under-illuminated
⇥ 40m static parabolic reflector at the bottom of a cli⇤ which is around ⇥ 90m high. A boom will be placed at
the top of a cli⇤ on which there is a receiver system of ⇥ 50 feed-horns. On the right a block diagram for the
receiver chain for the proposed pseudo-correlation receiver system. The reference beam will point toward one of

the celestial poles.
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Figure 2: On the left projected errors on the power spectrum (divided by a smooth power spectrum) expected
for the survey described in the text. We have used �k = 0.016Mpc�1. The projected errors would lead to a
measurement of the acoustic scale with a percentage fractional error of 2.4%. On the right, projected constraints
on the residual Hubble diagram for the volume averaged distance, dV(z) from a fiducial model. Included also are
the actual measurements made by 6dF, SDSS-II, BOSS and WiggleZ. The shaded region represents indicates the
range of dV allowed by the 1� constraint ⇥mh2 from WMAP7. The dotted line is the prediction for w = �0.84.
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Figure 2. Top: Leuschner Observatory, with a prototype 2-
element BAOBAB interferometer deployed. This system was devel-
oped and deployed by students as part of a Fundamentals of Radio
Astronomy class at UC Berkeley. Bottom: solar fringes measured
with the BAOBAB-2 prototype at Leuschner.

liminary measurements made by a prototype 2-antenna
BAOBAB interferometer deployed at the Leuschner Ob-
servatory near Berkeley, CA. At this site, only 40 MHz of
a 400–800 MHz operating band show solar fringes uncor-
rupted by RFI, demonstrating the need for the primary
BAOBAB deployment to be located at a quieter site,
such as the NRAO site near Green Bank, WV. Next-
generation activities may take place at the Square Kilo-
meter Array South Africa (SKA-SA) reserve in the Karoo
desert. This site is currently occupied by the PAPER and
MeerKAT arrays, and has been shown to be a pristine
RFI environment (Jacobs et al. 2011).

2.2. Analog System

With the drastic reduction in sky noise relative to
EoR frequencies, BAOBAB’s system temperature will
be dominated by the analog electronics. These com-
ponents must therefore be optimized to reduce receiver
noise while maintaining the smooth spatial and spectral
responses that are a hallmark of the PAPER design and
a key component of the delay spectrum foreground isola-
tion approach presented in Parsons et al. (2012b) (here-
after P12b) and discussed in §3.3. The analog system
will include the collecting element (consisting of 4 an-
tennas and reflectors), low-noise amplifier, coaxial cable,
and receiver.
The BAOBAB element will begin with a 1/5-scale PA-

PER antenna (Parsons et al. 2010), as shown in Figure
3. This design is a dual-polarized version of the sleeved
dipole design that uses a twin-resonance structure con-
sisting of a pair of crossed dipoles located between a pair
of thin aluminum disks. The element’s reliability has

Figure 3. Top: A prototype BAOBAB dipole antenna, designed
as a 1/5 scale model of a PAPER dipole. Bottom: BAOBAB tile
design with 4 dipoles and individual ground-screens.

been demonstrated in PAPER arrays over the past sev-
eral years. A trough reflector under each dipole will be
used to increase the directivity toward zenith. The elec-
tromagnetic behavior of the element was modeled ex-
tensively for PAPER using CST Microwave Studio, and
shown to perform as desired through calibration with ce-
lestial sources in Pober et al. (2012). The geometrically
re-tuned prototype shown in the top panel of Figure 3
will be optimized to operate e⌅ciently over the 600–900
MHz band.
Rather than deploy single elements like PAPER,

BAOBAB will use a 2 � 2 tile of dipoles and ground-
screens, as shown in Figure 3. A fixed zenith beam-
former will be used to combine the signals, increasing
the gain by 6 dB and reducing the field-of-view by a fac-
tor of four. Both analog and digital beamformers are
being investigated. A key issue is the mutual coupling,
which should be reduced by the additional groundscreens
between dipoles. The net e�ect is that for a fixed corre-
lator size, the power-spectrum sensitivity is increased by
a factor of four (see §3.2).
The amplifier designed for PAPER has a measured

noise temperature of 110 K with 30 dB of gain across
the 120-170 MHz band (Parsons et al. 2010). For appli-
cation to BAO at z ⇥ 1, we will modify this amplifier
design to operate from 600–900 MHz. Besides re-tuning
the filter and amplifier circuits, however, one of the major
activities in this modification will be to reduce the noise
temperature of the front-end amplifier in order to obtain
a target system temperature of 50 K. This change reflects
one of the key di�erences between the BAO and EoR
foregrounds. System noise in the EoR band is dominated
by ⇥300 K sky noise from galactic synchrotron emission.
In the BAO band, the sky temperature is reduced to ⇥10
K, making the front-end amplifier the leading source of
noise. Uncooled commercial UHF-band amplifier tran-
sistors based on GasFET or HEMT technology can re-
liably achieve noise figures of 0.4 dB, corresponding to
a receiver temperature of 30K. A prototype BAOBAB
balun/amplifier using a Hittite HMC617LP3 LNA with

Low-z 21cm Intensity Mapping Experiments
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HIRAX

• Significant national interest in BAO searches.!

• Putting together team to propose/build southern 
hemisphere experiment. !

• Lots of synergy w/ SKA - several MeerKAT key projects 
would be significantly improved for few % of MeerKAT 
cost.  e.g. pulsar search, H-I absorber search, radio 
transient search.!

• SKA very interested in prospect of correlator capable 
of handling SKA phase 1 already working and on-site.!

• Hydrogen Intensity and Real-time Analysis eXperiment.  

Above:  rock Hyraxes.!

 HIRAX



Cosmological Implications
• Baryon Acoustic Oscillation, Redshift-space distortion 

measurements	

• Constrain dark energy equation of state and its running

Chang et al. 2008
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Figure 3. 21 cm Intensity Mapping provides a powerful tech-
nique for measuring the shape of the matter power spectrum. In
the plots above we illustrate the power spectrum constraints that
could be achieved with the large cylinder telescope. The top plot
shows the constraints on the whole power spectrum, the lower plot
zooms in on the region with the Baryon Acoustic Oscillations, di-
viding through by a smoothed spectrum to remove the general
trend. The dark shaded bands are the errors we would find with-
out foregrounds, where the only noise is instrumental, the light
bands include both contributions.

for a set of parameters pa is

F (m)

ab = tr
⇣
C̃aC̃

�1
C̃bC̃

�1
⌘
. (31)

where C̃a = @C̃/@pa. Though in the constructed eigen-
basis C̃ = ⇤̃ + I is diagonal, C̃a can have o↵-diagonal
elements. Again this process is performed on a per-m
basis. As there is no coupling between them, the total
Fisher Information is simply the sum over all m-modes

Fab =
X

m

F (m)

ab . (32)

For a set of parameters pa that we are trying to deter-
mine, the inverse of the Fisher matrix is the lowest order
approximation to their covariance.

In this work we will focus on forecasting the errors
on the shape of the matter power spectrum P (k) whilst
keeping all other cosmological parameters fixed. Such
forecasting has been performed using the uv-plane in Seo
et al. (2010) and Ansari et al. (2012).

We parametrise the power spectrum in terms of a linear

summation of di↵erent basis functions

P (k) =
X

a

paPa(k) . (33)

In Appendix A we describe how to project this quantity
into the angular power spectrum of 21 cm fluctuations
that we use to calculate the visibility correlations. For
simplicity, each of our bands is simply equal to the input
power spectrum within a fixed k-band, and zero outside,
such that the fiducial model is pa = 1.

For the band-powers pa that we are trying to estimate,
the matrices C̃a are simply the projection of the basis
functions Pa(k) into the eigenbasis. Starting from the
angular power spectra Ca;l(⌫, ⌫0) corresponding to each
of the basis functions Pa(k) (using Equation (A2))

C̃a = RBC21,aB
†R† . (34)

In practice explicitly calculating the C̃a this way is
computationally expensive, we instead use a Monte-
Carlo technique. We can form the estimator q̂a =

x̃

†C̃
�1

C̃aC̃
�1

x̃, which has the property that its covari-
ance hq̂aq̂bi�hq̂ai hq̂bi = Fab (Padmanabhan et al. 2003).
This means we can estimate the Fab by averaging over
realisations of x̃. For details see Dillon et al. (2012).

In Figure 3 we plot the power spectrum errors for two
cases: in the presence of foregrounds that have been
cleaned using our method and without foregrounds at all.
In the case without foregrounds, F = 0 and we only per-
form the final Karhunen-Loève transform to diagonalise
the signal and instrumental noise. For the foregrounds
we have cleaned modes with S/F < 10 and additionally
have removed modes with a small ratio of signal to total
power. This corresponds to setting s = 10 and t = 0.01.
This is a clear demonstration of the e↵ectiveness of the
technique — it reduces our sensitivity on large scales as
we would expect (as the removed foreground are smooth
on large scales), while only slightly reducing our ability
to constrain the small scale power spectrum.

7. CONCLUSION

In this paper we have introduced a powerful formalism
for describing the measurement process of transit tele-
scopes (either interferometric or otherwise). It is a natu-
ral formalism to describe interferometry on the full sky —
sidestepping the standard complications that arise when
dealing with wide field interferometric data such as mo-
saicing and w-projection. A spherical harmonic transit
telescope allows for compact and computationally e�-
cient representations of the data and its statistics, which
enable new ways of approaching important problems like
map-making and foreground removal.

Using the m-mode formalism and approximating the
foregrounds as statistically isotropic allows the power-
ful Karhunen-Loève transformation to be used, auto-
matically finding the basis in which the astrophysical
foregrounds and 21 cm signal are maximally separated.
The KL approach would be computationally impossi-
ble otherwise and is a key advantage of the m-mode
formalism. Using this technique we can take the full
three-dimensional dataset into account and overcome
the mode-mixing problem. The filters we construct are
highly e↵ective and robust, a fact we have demonstrated

Shaw et al. 2014 



• Frequency: 700-900 MHz 	
• 0.6 < z < 1	

      	
• Spatial beam ~ 15” 	

• 9 h-1 Mpc at z~0.8	
 	

• Spectral channel ~ 24 kHz	
• binned to 0.5 MHz	
• ~2 h-1 Mpc	

!
• 100-m diameter.  Large collecting 

areas	

• First detection in cross-correlation 
with DEEP2 galaxies at z=0.8 
(Chang, Pen, Bandura, Peterson, 
2010, Nature)    	

!
!
!

GBT-HIM	
Pilot program at the Green Bank Telescope (GBT)  



• Frequency: 700-900 MHz 	
• 0.6 < z < 1	

• Spatial beam ~ 15” 	
• 9 h-1 Mpc at z~0.8	

• Spectral channel ~ 24 kHz	
• binned to 0.5 MHz	
• ~2 h-1 Mpc

21cm Intensity Mapping at the GBT

4 E. R. Switzer, K. W. Masui, et al.

Figure 1. Temperature scales in our 21 cm intensity mapping survey. The
top curve is the power spectrum of the input deep field with no cleaning ap-
plied (the wide field is similar). Throughout, the deep field results are green
and the wide field results are blue. The dotted and dash-dotted lines show
thermal noise in the maps. The power spectra avoid noise bias by crossing
two maps made with separate datasets. Nevertheless, thermal noise limits
the fidelity with which the foreground modes can be estimated and removed.
The points below show the power spectrum of the deep and wide fields af-
ter the foreground cleaning described in Sec. 2.1. Negative values are shown
with thin lines and hollow markers. Any residual foregrounds will additively
bias the auto-power. The red dashed line shows the 21 cm signal expected
from the amplitude of the cross-power with the WiggleZ survey (for r = 1)
and based on simulations processed by the same pipeline.

3 RESULTS

The auto-power spectra presented in Figure 1 will be biased by
an unknown positive amplitude from residual foreground contam-
ination. These data can then be interpreted as an upper bound
on the neutral hydrogen fluctuation amplitude, ΩHIbHI. In addi-
tion, we have also measured the cross-correlation with the Wig-
gleZ Galaxy Survey (Masui et al. 2013). This finds ΩHIbHIr =
[0.43 ± 0.07(stat.) ± 0.04(sys.)] × 10−3, where r is the Wig-
gleZ galaxy-neutral hydrogen cross-correlation coefficient (taken
here to be independent of scale). Since |r| < 1 by definition and is
measured to be positive, the cross-correlation can be interpreted as
a lower bound on ΩHIbHI. In this section, we will develop a pos-
terior distribution for the 21 cm signal auto-power between these
two bounds, as a function of k. We will then combine these into a
posterior distribution on ΩHIbHI.

The probability of our measurements given the 21 cm signal
auto-power and foreground model parameters is

p(dk|θk) = p(dc|sk, r)p(ddeepk |sk, fdeep
k )p(dwide

k |sk, fwide
k ). (2)

Here, dk = {dc, ddeepk , dwide
k } contains our cross-power and

deep and wide field auto-power measurements, while θk =
{sk, r, fdeep

k , fwide
k } contains the 21 cm signal auto-power, cross-

correlation coefficient, and deep and wide field foreground con-
tamination powers, respectively. The cross-power variable dc rep-
resents the constraint on ΩHIbHIr from both fields and the range of
wavenumbers used in Masui et al. (2013). The band-powers ddeepk

and dwide
k are independently distributed following decorrelation of

finite-survey effects. We assume that the foregrounds are uncorre-

Figure 2. Comparison with the thermal noise limit. The dark and light
shaded regions are the 68% and 95% confidence intervals of the measured
21 cm fluctuation power. The dashed line shows the expected 21 cm signal
implied by the WiggleZ cross-correlation if r = 1. The solid line represents
the best upper 95% confidence level we could achieve given our error bars,
in the absence of foreground contamination. Note that the auto-correlation
measurements, which constrain the signal from above, are uncorrelated be-
tween k bins, while a single global fit to the cross-power (in Masui et al.
(2013)) is used to constrain the signal from below. Confidence intervals
do not include the systematic calibration uncertainty, which is 18% in this
space.

lated between k bins and fields, also. This is conservative because
knowledge of foreground correlations would yield a tighter con-
straint. We take p(dc|sk, r) to be normally distributed with mean
proportional to r√sk, and p(ddeepk |sk, fdeep

k ) to be normally dis-
tributed with mean sk + fdeep

k and errors determined in Sec 2.3
(and analogously for the wide field). Only the statistical uncertainty
is included in the width of the distributions, as the systematic cali-
bration uncertainty is perfectly correlated between cross- and auto-
power measurements and can be applied at the end of the analysis.

We apply Bayes’ Theorem to obtain the pos-
terior distribution for the parameters, p(θk|dk) ∝
p(dk|θk)p(sk)p(r)p(f

deep
k )p(fwide

k ). For the nuisance pa-
rameters, we adopt conservative priors. p(fdeep

k ) and p(fwide
k )

are taken to be flat over the range 0 < fk < ∞. Likewise, we
take p(r) to be constant over the range 0 < r < 1, which is
conservative given the theoretical bias toward r ≈ 1. Our goal is
to marginalize over these nuisance parameters to determine sk. We
choose the prior on sk, p(sk), to be flat, which translates into a
prior p(ΩHIbHI) ∝ ΩHIbHI. The data likelihood adds significant
information, so the outcome is robust to choices for the signal
prior. The signal posterior is

p(sk|dk) =

∫

p(sk, r, f
deep
k , fwide

k |dk) dr df
deep
k dfwide

k . (3)

This involves integrals of the form
∫ 1

0
p(dc|s, r)p(r) dr which,

given the flat priors that we have adopted, can generally be writ-
ten in terms of the cumulative distribution function of p(dc|s, r).
Figure 2 shows the allowed signal in each spectral k-bin.

Taking the analysis further, we combine band-powers into a
single constraint on ΩHIbHI. Following Masui et al. (2013), we
consider a conservative k range where errors are better estimated
(k > 0.12 h/Mpc, to avoid edge effects in the decorrelation op-
eration) and before uncertainties in nonlinear structure formation
become significant (k < 0.3 h/Mpc). Figure 3 shows the resulting
posterior distribution.

Our analysis yields ΩHIbHI = [0.62+0.23
−0.15 ] × 10−3 at 68%

confidence with 9% systematic calibration uncertainty. Note that

c⃝ 2013 RAS, MNRAS 000, 1–??
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Figure 1. Maps of the GBT 15 hr field at approximately the band-center. The purple circle is the FWHM of the GBT beam, and the color range saturates in
some places in each map. Left: The raw map as produced by the map-maker. It is dominated by synchrotron emission from both extragalactic point sources
and smoother emission from the galaxy. Right: The raw map with 20 foreground modes removed per line of sight relative to 256 spectral bins, as described in
Sec. 3.2. The map edges have visibly higher noise or missing data due to the sparsity of scanning coverage. The cleaned map is dominated by thermal noise, and
we have convolved by GBT’s beam shape to bring out the noise on relevant scales.

is motivated by the eigenvectors of smooth synchrotron fore-
grounds (Liu and Tegmark 2011, 2012). In practice, instru-
mental factors such as the spectral calibration (and its stabil-
ity) and polarization response translate into foregrounds that
have more complex structure. One way to quantify this struc-
ture is to use the map itself to build the foreground model.
To do this, we find the frequency-frequency covariance across
the sample of angular pixels in the map, using a noise inverse
weight. We then find the principal components along the fre-
quency direction, order these by their singular value, and sub-
tract a fixed number of modes of the largest covariance from
each line of sight. Because the foregrounds dominate the real
map, they also dominate the largest modes of the covariance.
There is an optimum in the number of foregroundmodes to

remove. For too few modes, the errors are large due to resid-
ual foreground variance. For too many modes, 21 cm signal
is lost, and so after compensating based on simulated signal
loss (see below), the errors increase modestly. We find that
removing 20 modes in both the 15 hr and 1 hr field maximizes
the signal. Fig. 1 shows the foreground-cleaned 15 hr field
map.
We estimate the cross-power spectrum using the inverse

noise variance of the maps and theWiggleZ selection function
as the weight for the radio and optical survey data, respec-
tively. The variance is estimated in the mapping step and rep-
resents noise and survey coverage. The foreground cleaning
process also removes some 21 cm signal. We compensate for
signal loss using a transfer function based on 300 simulations
where we add signal simulations to the observed maps (which
are dominated by foregrounds), clean the combination, and
find the cross-power with the input simulation. Because the
foreground subtraction is anisotropic in k⊥ and k∥, we esti-
mate and apply this transfer function in 2D. The GBT beam
acts strictly in k⊥, and again we develop a 2D beam transfer
function using signal simulations with the beam.
The foreground filter is built from the real map variance,

and so is slightly nonlinear in the signal. This has two primary
consequences for the compensation. One is that the transfer
function needs to be derived from realistic signal amplitudes.
In practice, we find that the conclusions for the cross-power
change negligibly under a halving of the assumed signal am-
plitude, and that this nonlinearity is a secondary effect. The
second consequence is that the cleaned foregrounds are anti-
correlated with the signal because signal covariance also en-

ters the cleaning mode functions. This is accounted for in our
transfer function. Subtleties of the cleaning method will be
described in a future methods paper.
We estimate the errors and their covariance in our cross-

power spectrum by calculating the cross-power of the cleaned
GBT maps with 100 random catalogs drawn from the Wig-
gleZ selection function (Blake et al. 2010). The mean of these
cross powers is consistent with zero, as expected. The vari-
ance accounts for shot noise in the galaxy catalog and vari-
ance in the radio map either from real signal (sample vari-
ance), residual foregrounds or noise. Estimating the errors in
this way requires many independentmodes to enter each spec-
tral cross-power bin. This fails at the lowest k values and so
these scales are discarded. In going from the two-dimensional
power to the 1D powers presented here, we weight each 2D k-
cell by the inverse variance of the 2D cross-power across the
set of mock galaxy catalogs. The 2D to 1D binning weight is
multiplied by the square of the beam and foreground clean-
ing transfer functions. Fig. 2 shows the resulting galaxy-H I
cross-power spectra.
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Figure 2. Cross-power between the 15 hr and 1 hr GBT fields and WiggleZ.
Negative points are shown with reversed sign and a thin line. The solid line
is the mean of simulations based on the empirical-NL model of Blake et al.
(2011) processed by the same pipeline.

Cross-power, Masui+ 13, GBT-HIMAuto-power limits, Switzer+13, GBT-HIM

• 200-hr HI survey of the WiggleZ fields at 0.6 < z < 1 	

• HI cross-power and auto-limits in 2013 at z=0.8 implies: 	

• ΩHI bHI  = [0.62 +0.23 -0.15] x 10-3 



GBT-HIM Status Update

• Analysis of ~800 hours of GBT observations 	
• WiggleZ 1hr, 11hr, 15hr, 22hr fields 	

• Improve HI power spectrum limits 	
• Measure HI-optical cross-power RSD effects	
• Focus on the 1hr field:	

• Alternative Foreground cleaning techniques	
• Polarization calibration improvement	
• Polarization leakage power spectrum estimates	
• Handling of residual ground-spill contamination     	

!

GBT WiggleZ 1hr field

KK



Foreground Mitigation:  SVD v.s. ICA

• Foreground Projection/Subtraction Methods:	
!

• SVD - singular value decomposition:  spectral and spatial eigenmodes (Switzer, 
Chang, Masui, Pen, Voytek 2015).	
• ICA - independent component analysis.  FastICA (Wolz et al. 2014). 	
• SVD:  signal loss, compensated by calculating transfer functions.	
• ICA:  no signal loss.  But more difficulty in handling systematics.	
• ICAxICA, SVDxICA maps:  no obvious improvement on the power spectrum 
limits	

     	
!

Laura Wolz et al., +GBT-HIM team, 2016
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Figure 8. The di↵erent error estimates of the 3d power spectrum measurement are shown in detail for di↵erent number of ICs for the

15hr-field and 1hr-field. The black dashed line is the error estimate based on the di↵erence-maps. The solid coloured line the error based
on the auto-correlations of the sub-dataset and the dotted coloured line are given by the standard deviation of the three cross-correlation

measurements.
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Figure 9. 3d intensity mapping power spectrum cross-correlation between sub-datasets of the 15hr field data is shown in the left panel

and for the 1hr field data in right panel. The black line is the theoretical model convolved with the window functions as described in 3.2
for a HI model with ⌦HIbHI = 0.43 · 10�3.

the significant instrumental systematics in those maps and
fastica is not suitable to remove noise artefacts from the
data. This is in contrast to the SVD method which removes
modes with high amplitudes regardless of their statistical
properties. The GBT measurements are corrected for sig-
nal loss by an anisotropic transfer function T (k?, kk), for
more details we refer the reader to Switzer et al. (2015).
The power spectrum of the fastica-cleaned data does not
require any corrections by a transfer function since the signal
loss is negligible as shown in Wolz et al. (2014).

In general, the auto-correlations of the 15hr- and 1hr-
fields are high compared to the theoretical prediction. This
discrepancy could be explained in several ways. Systematics
left-over from the foreground subtraction could boost the
amplitude of the power spectrum. Additional power could

also be added to the 21cm signal by fluctuations introduced
by polarization leakage which are not picked up by fastica.
Finally, they could also be due to a not optimal choice of
⌦HIbHI which significantly manipulates the amplitude of the
power spectrum.

5.2 Cross-Correlation with WiggleZ

The cross-correlation power spectrum of the intensity maps
with the WiggleZ galaxy survey for both fields is shown
in Fig. 10 for range of di↵erent numbers of ICs. The error
bars in this figure are given by the standard deviation of
the estimates between the sub-datasets and empty symbols
mark negative correlations. It can be seen how the cross
power spectrum converges with increasing number of ICs for

c� RAS, MNRAS 000, 1–12

Deep Field Shallow Field



Precision polarization calibration at GBT

• Accurate characterization of GBT polarized beam patterns	
!

• Polarized foregrounds are ~100 times (in temperature) brighter than the 
expected HI signals. 	
• Polarization leakage (P -> I) at the 1% level may contaminate HI signals.	
• Polarization leakage may introduce frequency structure to mimic the HI 
signals:	

• Faraday rotation in the atmosphere	
• Leakage may be frequency dependent	

!
!
!

Liao, Chang et al., 2016
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Fig. 9.— Spider scan on 3C295. The upper panel shows the raw data of the spider scan, and the lower ones indicate the best fit results
of Gaussian-Hermite fitting. The unit is Kelvin for upper panels. In the lower panels, a normalized unit that fix the maximum value of I
beam to be one is adopted. The black lines in the upper panels show the spider scan trajectories.

Fig. 10.— Q-V relaition and U-V relation in spider scan data.
The blue and green lines show the Q-V and U-V relations, respec-
tively. The red line indicates pre-assumed V/U of noise diode,
which is used to calibrate ' for each night.

Fig. 11.— Coe�cents of spider scan beam maps including
quadrupole term of Q(blue), quadrupole term of U(green) and
dipole term of V(red). The coe�cent here is normalized by I beam.

APPENDIX

FIRST ORDER APPROXIMATION ON POLARIZATION CALIBRATION BIAS

In the model we use in this work, J
B

is a function of six Jones matrix parameters, so it can be rewritten as J
B

(~p),
where ~p = {p

i

} = {G, �,', ✓+, ✓�, ✏+, ✏�} is the parameter vector. ✏+ and ✏� are defined as ✏+ = ✏0 + ✏1 and
✏� = ✏0 � ✏1. Mueller matrix can also be written as a function of these parameters M(~p).
Ideally, the polarization calibration should recover the real signal by applying inverse matrices of M and R(�) on

Equation 3. However, if the estimated parameter vector ~p0 = ~p + �~p slightly di↵erent from real parameter vector ~p,
the calibration will become

S”
sp

=R�1M(~p0)�1S
0

sp

=R�1M(~p0)�1M(~p)RS
sp

=S
sp

+R�1�MRS
sp

, (A1)

where �M = M(~p0)�1M(~p)� I, I is identity. The term R�1�MRS
sp

is the bias of polarization calibration.

I Q U V

[deg]
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eg
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• GBT Mueller 4 x 4 beam	
!
!

•  	
• Make use of quasars, pulsars and noise-diode (switching at 16 Hz) to constrain six-
parameter Jones/Mueller matrix.	
• Reached ~0.6% precision on-axis (boresight).	
• Correct for ionospheric RM ~ 2 deg m-2.  Polarization angle rotation ~10-20 deg.  	

!
!
!

Liao, Chang et al., 2016

10 Liao et al.

Fig. 12.— Beam pattern of the 4× 4 Mueller matrix elements fitted with off-centered pulsar tracking scans. The diagonal elements are
normalized to one, and from top-left to bottom-right the digonal panels correspond to MII ,MQQ,MUU ,MV V , respectively.

iment. Accurate polarization calibration is critical to
properly mitigate the unwanted leakage from polarized
synchrotron foregrounds into total intensity.
We use multiple parallactic angle pulsar observations

to solve for the six Jones Matrix parameters at boresight
in each of the 256 frequency channels between 700-900
MHz at the GBT. Applying the solutions to unpolarized
quasar observations, the RMS fluctuations of the Stokes
parameters over time are about 1.3%-1.7% of total inten-
sity. As a first-order correction, some of the Jones Matrix
parameters are further modified based on tracking and
spider scans of quasars. The RMS fluctuation reduces to
0.6%-0.8% of total intensity after the correction.
The imperfection of model parameters obtained from

pulsar observations may be due to the variation of polar-
ized pulsar profiles. PSR B1133+16, one of the pulsars
we use to solve the Jones Matrix parameters, has been
reported to have “orthogonally polarized modes”, which
may be responsible for the variations in the integrated
fractional polarization and position angle of the pulsar
(Karastergiou et al. 2002). The polarized pulse or fre-
quency profiles of pulsars can in general fluctuate due to
the astrophysical complexity of the pulse mechanism, or
interference of the interstellar medium.
The polarized frequency profiles of quasars are more

stable. However, with high fractional linear polarization
and non-negligible circular polarization, pulsars provide
more information needed to solve for all the Jones ma-
trix model parameters than quasars, which are usually
slightly or not polarized. Some of the parameters, in-
cluding ϕ, ϵ+, and θ+, cannot be constrained by unpo-
larized sources. We can determine θ+ by comparing the
calibrated polarization position angle of 3C286 with the
known value, while ϕ can be constrained by a highly po-
larized noise diode, which is however found to contain an
uncertain V/U spectrum. The ϵ parameter is not affected
by the noise diode as the signal injection takes place after
the dipole receptor in the signal stream at the GBT.

Off-centered polarization leakage is also an important
source of contamination. With quasar spider scans, we
find a dominant dipole feature in the Stokes I to V leak-
age pattern, which is at the ≈ 12% level, and secondary
quadrupole features of Stokes I to Q and I to U leak-
age patterns, which are ! 2% of total intensity. With
the leakage of V dipole feature into Q and U , we can
estimate δϕ and δϵ+, and improve the calibration of po-
larized sources, like 3C286. Although there are still po-
tential generic dipole features in Q and U beam pattern
which have yet to be separated from leakage of U .
We find similar features using off-centered pulsar ob-

servations and map out the entire Mueller matrix pri-
mary beam. However, the Stokes I to U leakage appears
to be the only significantly determined beam pattern.
The beam features of I leakage to Q and U are com-
parable to the variation of polarization profile of PSR
B1133+16. Therefore, it is not surprising that we cannot
significantly measure these features in the pulsar data.
In this paper, we measured the RMS fluctuations of

calibrated on-source data of quasars, including unpo-
larized 3C48, 3C295, and 3C147, and slightly polarized
3C286, to be 0.6-0.8% of the total intensity. We also
mapped the polarization beam pattern. Accurate polar-
ization calibration at this level is required to mitigate the
polarized foreground contribution for HI intensity map-
ping power spectrum measurements. We will report im-
provements on the redshifted HI power spectrum in fu-
ture work. We will also investigate the Faraday rotation
measure (RM) synthesis of Galactic foregrounds in the
HI intensity mapping fields.

We thank Willem van Straten and Paul Demorest for
their invaluable help with the use of PSRCHIVE and
pulsar calibration with the GUPPI backend at the GBT.
T.-C. C. acknowledges support from MoST grant 103-
2112-M-001-002-MY3.
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Leakage power spectrum estimate

• Upper limits on leakage power spectrum contamination	
!

• Estimate (scan-averaged) pol-beam deconvolved maps, and calculate expected leakage.	
!

• Polarization leakage power spectra < 10% HI upper limits but can be10x expected HI 
signals;  working on detailed simulations and error estimates	

!
• Incorporate full polarized beam model in map-making?	

To, Chang, GBT-HIM, in prep.

3.4 Leakage Estimation

4 Discussion

1. V is high:

7

2013
2013

3 Leakage Estimation

4

Chun-Hao To (Stanford)



 
Residual Ground-spill maps

• Residual ground spills that may contaminate P(k)	
!

• GBT scans at constant elevation.  Mean and 
gradient per scan subtracted off to minimize 
ground spill contamination.	
• Examine residual ground maps in (azimuth, 
frequency).  	
• Subtract 2 modes accounting for the residual 
grounds and incorporate the loss in the noise 
model.	

!
!

Liao, Chang et al., in prep.!
!
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Work in progress:	
Updated HI auto-power spectrum at z~0.8

• HI power spectrum P(k)	
• Systematics dominated	
• Improved polarization 
calibration with full mueller 
matrix treatment	
• Including full polarized beam 
model in map-making (To-do)?	
• Incorporating full 3D 
covariance matrix calculation for 
optimal map-making (To-do) ? 	
• Larger survey field enabling 
better foreground SVD 
subtraction	K_per

K
_p

ar



Work in progress:	
Redshift-space distortions with cross-power spectrum

• Redshift-space distortion (RSD) 
measurement with HI-WiggleZ 
cross power spectra: 	
!
• Anisotropic clustering gives 
measurement of ΩHI and bHI  	
!
•Currently working on RSD 
modelling for HI intensity mapping; 
investigating effect of foregrounds 
on RSD interpretation. 	
!
• Hint of a “dipole” term? (c.f 
Bonvin+ 15).	
!
• Improving cross-power spectra 
measurements	

K_per
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21cm Intensity Mapping at GBT:	
Fast Radio Burst (FRB) Found!

Masui et al., the GBT-IM team	
2015, Nature

• FRBs are bright, millisecond radio flashes of 
unknown origin (Lorimer et al. 2007)	

• We search through 700 hours of GBT HI data at 
700-900 MHz, found one event 	

• First FRB detection under 1 GHz, with linear 
polarization (44%) and Faraday Rotation 
Measurements.	

• DM = 623 pc cm-3,  RM = -186 rad m-2	

• The FRB detection implies a source location in the 
dense central region of its host galaxy, or the 
presence of magnetized material associated with 
the source itself. 

Figure 1: Brightness temperature spectra vs time for FRB 110523. The diagonal curve shows

the pulse of radio brightness sweeping in time. The arrival time is differentially delayed (dispersed)

by plasma along the line of site. A pair of curves in white have been added, bracketing the FRB

pulse, to show that the delay function matches that expected from cold plasma. The gray horizontal

bars show where data has been omitted due to resonances within the GBT receiver. The inset shows

fluctuations in brightness caused by scintillation.

11



• GBT-HIM Project: 	
!

• Building a 7-beam receiver at 
700-900 MHz for redshifted HI 
survey at 0.6< z < 1 for BAO 
measurements.	

!
• Use Short-backfire Antenna (SBA) 

with a edge-tapered reflector; with 
a cryogenic HDPE cover to reduce 
Tsys. 	
!

• Prototype tested on GBT in 
December 2014. Passed Design 
Review in October 2016.	

GBT-HIM 	
21cm Intensity Mapping for BAO & RSD studies

PI: T.-C. Chang
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!

BAO measurements
• Forecasts on Baryon Acoustic Oscillation (BAO) distance scale.	

• But hopefully learn more from each and combinations of the data sets.
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Summary
• Good progress in 21cm IM measurements at both low and high redshifts, but we need a 

detection soon!  (~Early days of CMB?!)	

• Existing facility explorations:	

• PAPER/LOFAR/MWA/GMRT-EoR:  21cm fluctuations upper limit of 23mK at z~8 (Ali et al 
2015).	

• HERA/SKA1-LOW:  next generation EoR experiments.  In construction/planning.	

• GBT-HIM/Parkes-IM:  Cross-power spectra measured.  Upper limits on HI power spectra at 
z~0.8 and z~0.08	

• BINGO, CHIME, HIRAX, SKA1-MID,Tianlai:  large-scale 21cm IM experiments.  Constructed 
or in progress.	

• COPSS (SZA-CO):  CO power spectra ~2.5-sigma measurement at z~2-3 (Keating et al. 2015, 
2016).	

• SDSS:  Lya IM in cross-correlation at z=2-3 from LRG spectra (Croft et al. 15).	

• Cross-correlation sciences are extremely insightful/useful.  	

• Line intensity mapping on-going/planned programs:  Time ([CII]), SPHEREx (Lya),  LAMP (Ha),  
AIM-CO and COMAP (CO).  Stay tuned!


